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C. Damage mechanicsThe development of fatigue damage in a glass fibre modified layer-to-layer three dimensional (3D) woven
composite has been followed by time-lapse X-ray computed tomography (CT). The damage was found to
be distributed regularly throughout the composite according to the repeating unit, even at large fractions
of the total life. This suggests that the through-thickness constraint provides a high level of stress
redistribution and damage tolerance. The different types of damage have been segmented, allowing a
quantitative analysis of damage evolution as a function of the number of fatigue cycles. Transverse cracks
were found to initiate within the weft after just 0.1% of life, followed soon after (by 1% of life) by
longitudinal debonding cracks. The number and extent of these multiplied steadily over the fatigue life,
whereas the spacing of transverse cracks along with weft/binder debonding saturated at 60% of life and
damage in the resin pockets occurred only just before final failure.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Three dimensional (3D) composites were proposed over
40 years ago in an attempt to overcome the shortcomings of 2D
laminates, by incorporating fibres into the through-thickness
direction. 3D weaving offer significant manufacturing benefits as
well as creating versatile textiles having a range of 3D architec-
tures. Unsurprisingly, they have emerged as promising candidates
for the load-bearing applications requiring not only high in-plane
(x–y) properties, but also some degree of out-of-plane (z) integrity.
In addition, z-reinforcement plays an important role in improv-
ing the energy absorption capability of 3D woven composites com-
pared with 2D laminates. Studies [1,2] have demonstrated that a
unique energy absorption mechanism is inherent in the 3D woven
composites. In the case of glass-fibre reinforced woven composites,
energy is often dissipated by means of the extensive straining of
z-reinforcement and frictional sliding between z-reinforcement
and weft yarns. By contrast a different mechanism was found in
carbon fibre composite where higher energy is required for frac-
ture, debonding and pull-out of z-direction yarns [3]. Moreover,
z-yarns have also been found to play a significant role in containinglocal damage [4]. For example, they delay interply delamination
and maintain the structural integrity by promoting energy dissipa-
tion via tow splitting and fibre breakage. Furthermore, textile
composites commonly display load sharing, whereby damage is
distributed over the entire specimen [5]. Strain mapping has been
used to verify the periodic distribution of meso-strain in the
braided composite under tensile loading [6]. Similarly, a periodic
pattern of damage was identified in a stitched carbon fabric rein-
forced composite in tensile tests [7]. In both studies, a Fourier anal-
ysis was implemented to evaluate the correlation between the
strain and damage distribution with the geometrical features of
the textile, showing a good agreement. These results have provided
strong support for the hypothesis in this work that the woven
nature of a 3D composite along with the through-thickness rein-
forcement might provide significant advantages in terms of evenly
distributing damage under fatigue loading.
Despite the potential benefits there is currently a lack of knowl-
edge about how damage evolves under fatigue loading. The aim of
this study is thus to explore the nature and evolution of damage
mechanisms in a 3D composite. To date, a range of non-
destructive techniques (NDT) have been employed to evaluate
the damage behaviour of woven composites. For instance, the
acoustic emission (AE) signal has been correlated with characteris-
tic damage events, such as the onset of transverse cracking and
280 B. Yu et al. / Composites: Part A 82 (2016) 279–290propagation of delamination [8,9]. Digital image correlation (DIC)
has been employed to map the surface strain distribution and
to identify locations of stress concentration [6]. X-ray micro-
computed tomography has been used to image glass fibre
composites in 3D [10,11], to undertake a quantitative analysis of
the porosity distribution together with the interaction between
damage and microstructure. In situ synchrotron radiation com-
puted tomography (SRCT) has proven to be a useful tool in identi-
fying damage progression in carbon fibre epoxy-notched laminates
under tensile loading, involving transverse ply cracks, 0 splits and
finally delamination [12]. In addition, an in situ SRCT experiment
has also been performed to study fatigue damage in the carbon/
epoxy cross-ply laminates to investigate the interaction between
toughening mechanisms with crack propagation [13,14]. However,
to date the evolution of fatigue damage for a 3D woven composite
has not been followed by non-destructive means.
Here, a time-lapse experiment using X-ray computed tomogra-
phy (CT) is conducted in an attempt to identify damage evolution
of 3D modified layer-to-layer composites during fatigue loading.
Previously we have used a combination of 2D and 3D imaging to
characterise the nature of damage after fatigue in a modified
layer-to-layer composite [15,16]. Here, damage evolution is moni-
tored by X-ray tomography at different fractions of the fatigue life.
This enables a quantitative analysis of the extent and progress of
damage mechanisms along with a 3D visualisation of the damage
distribution. Due to the complex 3D morphology of the fibre
architecture, it is often not possible to distinguish the different
mechanisms of damage merely by 3D visualisation alone.
Consequently, an innovative algorithm for the automatic classifica-
tion of fatigue damage has been proposed, providing new insights
into the evolution of different types of fatigue damage in 3D woven
composites.Warp direction(y) 
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 2. Materials and experimental method
2.1. Fabrication of 3D woven composite specimens
The 3D woven modified layer-to-layer preform contains warp
yarns, weft yarns and binder yarns, each comprising S-2 high
strength glass fibres. The materials specification of the 3D preform
is presented in Table 1. By contrast to typical layer-to-layer
composites, additional warp yarns (in pink) are interlaced intoTable 1
Materials specification of the modified layer-to-layer 3D preform.
Yarn count
(Tex)
Areal density
(g/m2)
Ends/cm Picks/cm Total fibre
volume
fraction (%)
Fibre volume
fraction in
warp (%)
660 1841 15.3 8.66 47 30
Fig. 1. Idealised schematics showing the modified layer-to-layer woven fabric (left) and
purple and pink, respectively (adapted from [14]). (For interpretation of the references tothe top and bottom layers (shown in Fig. 1). It is worth noting that
binder yarns do not act solely as binder, but they are fibres simply
aligned in the warp direction, with a higher than normal level of
crimp to provide through thickness constraint from layer to layer.
As a consequence, the repeating unit is very similar to that of a
plain weave structure on the surface, but consists of more yarns
in depth. The dimensions of the unit cell are shown in the yellow
rectangle in Fig. 1.
The 3D fabric was infused with epoxy resin in a vacuum bag
using Vacuum Assisted Resin Infusion process. For a detailed
description of the manufacturing process and the sample prepara-
tion method refer to [15]. Tensile specimens having the dimen-
sions given in Fig. 2 were cut from the 1.7 mm thick composite
panel, with the tensile axis parallel to the warp direction.
The sample dimensionswere determined by two considerations.
On the one hand, they must be large enough to ensure that a suffi-
cient number of unit cells are present in the gauge region so that the
sample can exhibit representative fatigue behaviour. On the other
hand, they must be small enough to examine the composite
cross-section with a resolution of 10 lm so as to detect fatigue
damage. Consequently the sample width must be less than
20 mm given that the detector is around 2000 pixels wide. In view
of this, a smaller test-piece width was used in this study, compared
to a standard configuration (20 mm wide by 200 mm total length).
As a result, the sample width was set at 16 mm (shown in Fig. 2),
wide enough for at least two unit cells across the width, with a
30 mm gauge length (total sample length of 130 mm) so that at
least three unit cells are included along the length.2.2. Static tensile and fatigue testing
Static tensile testing was carried out to determine the ultimate
tensile strength, Young’s modulus and failure strain. In order to
make sure that the small samples exhibit a behaviour representa-
tive of the panel, five small samples were tested to failure in the
warp direction. The results were compared with those of the largerwarp direction (y) (loading direction)
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its cross-section (right). Weft, binder and additional warp yarns are coloured blue,
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Small sample test-piece geometry (dimensions in mm).
Table 2
The comparison of the tensile properties of the small and standard sample test-pieces.
Small sample
test-piece
Standard sample
test-piece
Gauge size (width  length in mm2) 16  30 20  100
Ultimate tensile strength (MPa) 560 ± 30 510 ± 30
Ultimate tensile strain (%) 3.42 ± 0.18 3.30 ± 0.19
Young’s modulus (GPa) 23.7 ± 2.3 21.6 ± 0.9
Table 3
Cycles to failure of small sample test-pieces in valid tension–tension fatigue tests at a
maximum stress of 224 MPa.
Sample number Fatigue life, Nf (cycles)
I 98,856
II 97,278
III 81,464
B. Yu et al. / Composites: Part A 82 (2016) 279–290 281standard sample test-piece employed in [15] in Table 2. There is on
average a 9% difference in the ultimate tensile strength between
samples of standard size and the smaller ones. This could be
attributed to a size effect. Statistically, small samples such as those
tested here are likely to have fewer defects than those of standard
size and therefore exhibit a higher tensile strength. A sinusoidal
waveform was applied in the fatigue tests, with a minimum to
maximum stress ratio R = 0.1, at a frequency of 5 Hz. The maxi-
mum stress level of 224 MPa corresponds to 40% of the ultimate
tensile strength of the small samples. Only when final failure
occurs in the gauge region is the fatigue test considered to be valid.
The results of three valid tests are shown in Table 3. It is worth not-
ing that there are no straight warp fibres in this structure. Tensile
loading is essentially carried by axial fibres, which refer to both
additional warp yarns in the surface and binder yarns.2.3. X-ray time-lapse experiments
In order to reveal the overall damage distribution at various
fractions of the fatigue life, X-ray time-lapse experiments were
performed by scanning the same specimen before fatigue testing
and after interrupting fatigue testing at 102, 103, 5  103, 1  104,
5  104, 6  104, 7  104, 8  104 and 80,454 (ultimate life) cycles.
The contrast agent and staining procedure employed in [15] was
used to increase the contrast of damage in the X-ray images, so
that the growth of damage with increasing numbers of fatigue
cycles could be effectively detected.
The CT scans of the sample were conducted on a Nikon Metrol-
ogy 225/320 kV Custom Bay, with an accelerating voltage of 70 kV
and current of 90 lA. 3142 projections were taken as the specimen
was rotated over 360 in equal increments. These projections were
collected on a 2000  2000 pixel 16-bit amorphous silicon digital
X-ray detector. The exposure time for each projection was 1 s,
resulting in the total acquisition time of 2 h 37 min. A resolution
of 11.8 lm, corresponding to the full cross-section scans proved
to be sufficient to resolve small scale damage in this type of mate-
rial. No load was applied during each scan. Two CT scans were per-
formed side-by-side along the gauge length 5.6 mm apart (along y).
In each scan, the total volume in the field of view is
23.6  23.6  23.6 mm3. To stitch two volumes together, there
are a number of stitching strategies, as described in [17]. In this
study, the projections for each scan were reconstructed separately
to form two separate volumes. These volumes were then manually
translated to co-register the images, followed by the stitching of
two data sets using the merge module in Avizo 8.0.2.4. Image processing and 3D visualisation
There are many aspects that need to be considered when quan-
tifying features in 3D tomographic datasets [18]. The quantification
of image sequences over a time-lapse experiment raises yet further
issues. Changes in the grey levels recorded may arise in the time-
series solely due to changes in the filament performance or the
detector response [19]. As a result, the range of grey scale values
representing the same material constituent varies slightly from
dataset to dataset even if the same imaging conditions are main-
tained throughout, which if unaccounted for would affect the seg-
mentation and quantification process. To this end, it is necessary to
correct the reconstructed volumes to account for changes in illumi-
nation using a histogram normalisation process. This was first per-
formed on the pairs of scans before stitching to form a composite
image, followed by normalising the histograms of whole sample
volumes acquired at different cycles to ensure a constant threshold
throughout the segmentation process. The equation of the linear
histogram normalisation is written in Eq. (1). Note that the dataset
recorded before cycling (0 cycle) is taken as the reference.
Dn ¼ Do  Io ðresinÞ½  IrðfibreÞ  Ir ðresinÞIo ðfibreÞ  Io ðresinÞ þ Ir ðresinÞ ð1Þ
where Dn is the new data as a result of linear normalisation, Do is
the original data, Io (resin) and Io (fibre) are the mean grey scale
intensity value of fibre and resin of the original dataset respectively.
Similarly, Ir (resin) and Ir (fibre) are the mean grey scale intensity
value of fibre and resin of the reference dataset, respectively. After
the normalisation, the same threshold value was used to select the
cracks for all the datasets.
Another challenge is to automatically segment (distinguish) dif-
ferent types of cracks such that their growth during fatigue cycling
and interaction with the microstructure can be quantified. In this
study, a novel image processing method has been developed and
applied to each CT dataset to distinguish the different features in
each 3D image. It comprises the following steps:
1. A prerequisite of damage segmentation is the classification of
the resin, weft and binder yarns, which has been performed
on the original volume (0 cycle). Unsurprisingly, resin voxels
can be easily distinguished from fibre voxels due to their low
grey scale intensity, whereas voxels representing weft and bin-
der yarns have the same intensity so that the yarns must be
characterised by the orientation of their texture instead. To this
end, a texture map discriminating weft and binder orientations
was designed, combining top-hat transforms [20] with linear
structuring elements oriented in the x and y directions respec-
tively. Thresholding was used jointly on the intensity and tex-
ture maps to obtain robust markers for the resin, weft and
binder pixels, which are then expanded using a watershed-
based algorithm to classify the entire volume. The result of
the first step is shown in Fig. 3.
2. The following procedures are repeated for each dataset
acquired at various fractions of fatigue life. Firstly, a coarse
crack classification is performed according to the orientation
of cracks, as a result of which, transverse vs debonding cracks
are distinguished (shown in Fig. 4(b)). This is done by top-hat
segmentation using linear structuring elements. Cracks are
classified as transverse cracks if the top-hat transform has the
highest response in the y direction, otherwise they are assigned
to debonding cracks. Subsequently, a fine classification is
achieved according to the location of cracks. For each crack
voxel, the proportion of voxels classified as resin, weft or binder
in a local neighbourhood are examined. Consequently, as shown
in Fig. 4(c), six types of cracks are distinguished, namely trans-
verse resin cracks, transverse cracks within weft yarns, debonds
1 mm
Fig. 3. An illustration showing three mutually perpendicular orthoslices before (left) and after (right) yarn segmentation. On the right the weft yarn is coloured green, binder
yarn yellow and the resin blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
B/B debond
Transverse crack
W/B debond
Resin crack
W/R debond
B/R debond
(a) (b)
1 mm
(c)
Fig. 4. An illustrative workflow showing (a) the original image showing all the cracks, (b) classified firstly by a coarse separation between transverse cracks (in dark blue) and
debonding cracks (in red) according to their orientation, and (c) secondly by a fine-detailed labelling of the different types of cracking according to their locations and the
colour map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(W/B) interface, debonds at the binder/resin (B/R) interface and
debonds at the weft/resin (W/R) interface. The W/B and B/B
debonds are also termed in the rest of the paper as intertow
and interply debonds, respectively. It must be noted that this
algorithm has simply classified cracks according to their
locations. Therefore, longitudinal cracks within binder tows
are classified as B/B debond (red), because of having the same
voxel environment. For the same reason off-axial resin crack
on the surface are classified as transverse resin crack (light
blue).
3. Results and discussion
3.1. Damage distribution
The 3D renderings of the fatigue damage accumulated in the
specimen at different states (0.1%, 1%, 60% and 99% of fatigue life)
are illustrated in Fig. 5. It is evident that the fatigue damage devel-
ops progressively from the very beginning until the compositeapproaches the end of life. Moreover, damage is found to be evenly
distributed over the entire volume, with transverse cracks and
interfacial debonding appearing in a regular periodic pattern. It
can be seen that a regular pattern of transverse cracking has begun
to appear after just 0.1% of the fatigue life. The debonding cracks
are evident after 1% of the life, shown in Fig. 5(b). At 99% of life,
the damage is very extensive and has propagated over the whole
x–y plane indicative of a high level of damage tolerance. The binder
yarns may confer a significant capacity for the re-distribution of
load as cracking progresses; which may also give significant energy
absorption. A similar finding was reported in [5]. The repeating
woven pattern has a regular array of structural defects, such as
fibre crimp and resin rich regions. These defects make up a net-
work of stress concentrations where energy is preferentially
released via the formation of new crack thereby redistributing
the load elsewhere. This is consistent with a model developed for
a 5H Satin woven composite, which simulates the sequence of
cracking in the transverse yarns [21]. It suggests that after the
appearance of the first transverse crack, the strain energy release
rate is higher for a crack to form in another yarn than that for a
(a) (b)
(c) (d)
Fig. 5. Overall damage distribution after (a) 0.1%, (b) 1%, (c) 60% and (d) 99% of the fatigue life. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
B. Yu et al. / Composites: Part A 82 (2016) 279–290 283crack to form in an already cracked yarn. Therefore, new cracks are
most likely to form in the non-cracked yarn. The occurrence of
multiple cracking within each transverse yarn was found with
increasing numbers of fatigue cycles and is evident in Fig. 5. This
is in line with the shear-lag model [22,23], which determines the
redistribution of stress in the transverse yarn arising from the pres-
ence of a crack. The stress is zero at the crack surface, whereas
away from the crack, load is transferred back to transverse yarns
by shear-lag in the vicinity of interface between transverse yarns
and the adjacent yarns. Thus another crack can occur at a distance
from the first crack over which the elastic strain energy essentially
reaches a critical value. The 3D nature of the composite appears to
suppress the formation of a localised damage zone by driving sub-
sequent damage to initiate elsewhere. Consequently, failure occurs
progressively until the whole composite is heavily damaged and
final failure occurs by axial fibre breakage. Moreover, from the
material design point of view, the ability to distribute damage
and structural defects across many sites can be useful, in terms
of achieving a high level of energy absorption.Fig. 6. An illustration showing the representative unit cell digitally cropped from the orig
fibre shown in white and cracks shown in blue. On the right, 3D rendering of a unit cel
referred to the web version of this article.)3.2. Damage growth and interaction
3.2.1. Progressive damage observation
As mentioned above, fatigue damage is evenly distributed over
the entire gauge section, according to the periodic pattern of geo-
metrical features. Thus, a representative unit cell was digitally
cropped from the original volume for more detailed investigation,
as illustrated in Fig. 6. In order to identify and follow the damage as
a function of the increasing number of fatigue cycles, the datasets
obtained at different fatigue cycles were aligned using the registra-
tion module in Avizo 8.0. Subsequently a series of co-registered
cross-sections parallel and perpendicular to the loading direction
have been taken from each dataset to investigate the evolution of
damage and the interaction between the different types of damage.
3.2.1.1. Regime I (transverse crack dominated). Regime I is charac-
terised by the development of transverse cracking within the weft
tows very early in the fatigue life. It is evident from Fig. 7(a) that
no significant manufacturing damage is present prior to fatigue.We yarn
Warp+binder yarn
inal volume. On the left, 3D rendering of the entire volume at 75% of fatigue life, with
l. (For interpretation of the references to colour in this figure legend, the reader is
Fig. 7. (a) 3D volume rendering (left) showing the fibre architecture with the weft yarns coloured blue and binder and warp yarns coloured white and virtual sections (right)
prior to cycling (0% of life). 3D renderings of the fatigue damage (left) and selected longitudinal and transverse sections (right) after, (b) 0.1 and (c) 1% of life. The colour coding
for the different types of damage is shown in Fig. 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
284 B. Yu et al. / Composites: Part A 82 (2016) 279–290The different types of damage are shown in Fig. 7 based on the
segmentation procedure described above. Fig. 7(b) confirms that
transverse cracks have initiated at just 0.1% of life. This interesting
finding might be explained by the deformation of surface warp and
binder yarns upon consolidation, which may cause a stretching
effect on theweft yarns. As a result, theweft yarns aremore suscep-
tible to tensile fatigue loading, leading to the early failure. Slice Y1
shows that these transverse cracks arise in the weft yarns, with
one of these cracks propagating a long distance (>than a unit cell)
through the weft yarn. It is noteworthy that the location of these
early transverse cracks is at the centre of weft yarns where the sur-
face warp and binder yarns are heavily crimped. This might be
explained by the observation in [24] that the highest stress usuallyappears at the centre of yarn crossing point where the longitudinal
fibres experience significant straightening, causing the onset of
transverse cracks. Moreover, another interesting feature is that
these transverse cracks are mainly developed within the weft yarns
in the surface layer while no such kind of damage is found within
the interior of the composite. This may be because the surface layer
undulates more than the inner layers, because extra crimp is
induced by the existence of the surface warp yarns (shown in pink
in Fig. 1). In addition to the increased crimp, the surface warp yarns
are probably more free to deform during tensile loading, due to less
constraint from the surrounding plies. Therefore, the weft yarns
close to surface were more easily subjected to local bending, caus-
ing transverse cracks to first propagate through these weft yarns.
B. Yu et al. / Composites: Part A 82 (2016) 279–290 285After fatigue loading to 1000 cycles (1% of life), it can be seen in
Fig. 7(c) that a few transverse cracks have now started to develop
in the weft yarns within the interior. The 3D rendering illustrates
that not only did the transverse cracks propagate along the weft
yarns, but also in the z (through-thickness) direction; when they
reach the interface between the weft yarn and the binder yarns,
their further propagation is arrested by the axial fibres. Instead,
they split at the interface and grow as debonding cracks (W/B
debonds). In addition to the transverse cracks, longitudinal split-
ting is observed, as indicated in Fig. 7(c) Y1. It seems to cause
debonding cracks to initiate at weft/binder interface, in a similar
way that the transverse cracks do. Perhaps, the most striking
observation (indicated by the yellow arrows in Fig. 7(c) Y2) is the
interaction between the debond at the binder/binder interface
(interply debond) and the debond at the weft/binder interface
(intertow debond). One could hypothesise that the intertow
debond grows along the interface between the weft and binder
yarns until a point where the two interfaces converge, at which
point it can deflect into the interface between binder and binder
yarns, causing an interply debond.3.2.1.2. Regime II (multiple transverse cracking and debonding). In
regime II, further transverse cracks appear and debonding cracks
form. The extent of damage after 5  103 cycles (6% of life) is evi-
dent in Fig. 8(a) where new transverse cracks have been generated
within the weft yarns and many transverse cracks that formed
previously have started to generate debonding cracks along the
weft/binder interface. By 104 cycles (10% of life) many yarns haveFig. 8. Representations of the damage after (a) 6% and (b) 10% of the ultimate life. On th
different colour; on the right hand side, selected virtual sections perpendicular to the x a
damage refers to Fig. 4(d). (For interpretation of the references to colour in this figure lmore than 1 transverse crack (see Fig. 11(a)), and many transverse
cracks have grown laterally through the weft yarns. This implies
the dominant growth direction of transverse crack is along the
weft yarns (in x) rather than through the thickness of the weft
yarns (in z). Most of the transverse cracks are confined within
one ply/yarn. Only in regions where two weft yarns are stacked
above one another can a transverse crack propagate from one yarn
to another (see the LHS of X1 in Fig. 8(a)). A previous study into
glass fibre composites has reported that the maximum strain
build-up in the resin rich region is higher than the bulk strain,
leading to transverse cracks initiating there [25]. It may be that
in our case the resin pocket is much more tolerant to strain than
the fibre rich regions (weft yarns) because the transverse cracks
tend to propagate within the weft yarns. Unsurprisingly, the yel-
low arrows in (a) and (b) show more debonds occurring at the bin-
der/binder interface in section Y1, which are often associated with
weft/binder debonding. It is likely that weft/binder debonding acts
as a driving force for initiation of binder/binder debonds.3.2.1.3. Regime III (debonding crack dominated). By 60% of fatigue
life (5  104 cycles) multiple transverse cracking is extensive and
approximately evenly spaced at around 3 cracks per yarn and has
started to saturate (see Fig. 11(a)). At this point debonding cracks
have spread along the weft/binder interface and binder/binder
interface. It can be seen from the interaction between the red
and light blue regions that, in most of the cases, the B/B debond
(interply debond) appears to have originated from the W/B debond
(intertow debond), as indicated by the yellow arrows in (a) Y1.e left hand side, a 3D rendering of fatigue damage, with different types of cracks in
nd y directions labelled X1 and Y1 respectively. The colour map of different types of
egend, the reader is referred to the web version of this article.)
286 B. Yu et al. / Composites: Part A 82 (2016) 279–290However, the further development of interply debonding is proba-
bly due to the straightening of binder yarns during tensile loading.
This has been proposed in our previous post-mortem study [15].
Fig. 9(b) and (c) shows that fatigue damage continues to prop-
agate steadily with increased cycling. It should be noted that the
debonding cracks propagate reasonably uniformly, advancing
slightly from the previous crack tip. Moreover, it is clearly observed
that after 6  104 cycles (75% of life), the rate of increase in the
number of transverse cracks has diminished, with just a few new
transverse cracks appearing towards the edge of weft yarns (the
tip of lenticular-like yarn cross-section), as denoted by the yellow
ellipses in (b) X1 and (c) X1. This contrasts with previous studiesFig. 9. Representations of the damage after (a) 60%, (b) 75% and (c) 90% of the ultimate
cracks distinguished by different colours; on the right hand side, selected virtual sections
corresponding to different types of damage are explained in Fig. 4. (For interpretation of t
of this article.)[26,27] where the FE analysis suggests the yarn edges to be the site
of local stress concentration. It might be due to the fact that their
models assume a uniform distribution of fibres over the yarn
cross-section. However, the uneven distribution of fibres is a very
important factor for determining damage initiation and develop-
ment [28]. In reality the fibre content decreases towards the edge
of the yarn. The dispersed fibres at the edge of the yarn are held
together by resin continuously spreading from the volume of yarn
to the volume of matrix pocket. As a result, there is no physical
edge boundary and the stress concentration due to the yarn/matrix
boundary is not realistic [29]. Thus, the initial damage takes place
at the yarn centre rather than the edge. In Fig. 9(c), the whitelife. On the left hand side, a 3D rendering of fatigue damage, with different types of
perpendicular to the x and y directions labelled X1 and Y1 respectively. The colours
he references to colour in this figure legend, the reader is referred to the web version
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B. Yu et al. / Composites: Part A 82 (2016) 279–290 287ellipse denotes the formation of a surface resin crack on cycling
from 6  104 to 7  104 cycles, which is oriented at 45 to the load-
ing direction. It is possible that the debonding cracks between sur-
face resin and binder yarns propagate further into the surface resin
rich region where local shear stress dominates, resulting in the 45
crack. What’s more, longitudinal splitting (see the yellow arrow in
(c) Y1) is found in the binder yarn, indicating this type of damage is
present throughout the fatigue life. By 7  104 fatigue cycles (90%
of life), damage has continued to grow in the form of interfacial
debonding, while the creation of new transverse cracks has largely
ceased, probably because the extensive cracking means that it is no
longer possible to generate enough strain for the creation of any
more cracks.0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Percentage of fatigue life
Fig. 11. Normalised stiffness changes as a function of fatigue cycles.3.2.1.4. Regime IV (final failure). Fig. 10 shows the damage in the
unit cell after final failure. In contrast to Fig. 9(c) cracks have finally
developed within the resin rich region, as indicated by the yellow
ellipse in Y1. This suggests that resin rich areas are less prone to
damage than other areas until the final stage of fatigue life. A
possible explanation might be that the local thickness of resin rich
region has an effect on the local toughness. Studies have been
reported that toughness increases with thickness [30,31]. In gen-
eral the size of plastic zone of crack tip is strongly dependent on
local microstructure. A thick resin rich region may result in a larger
amount of matrix sustaining the plastic deformation upon crack
extension. This plastic deformation absorbs more energy and
therefore increases local toughness. It is worth noting that
Z-yarns have a significant influence on delaying final fracture in
3D composites by promoting energy dissipation via extensive
interfacial debonding, whereas studies [32–34] have shown that
in the absence of the restraint imposed by Z-yarns, cracks can
easily grow and coalesce in 2D laminates, resulting in ply separa-
tion and failure. This specimen eventually failed due to tensile fibre
fracture. An overall failure of the specimen is shown in Fig. 10(b),
where the fracture surface is almost perpendicular to the loading
axis, indicating a catastrophic failure. This is consistent with our
previous post-failure study [15] which has found that the broken
fibres are localised in a narrow band, rather than randomly
distributed throughout the specimen.Fig. 10. (a) Representations of the damage in the broken sample. On the left hand side, a 3
the right hand side, selected virtual sections perpendicular to the x and y directions labelle
explained in Fig. 4. (b) An overall failure of the specimen under T–T fatigue loading. (For in
the web version of this article.)The normalised stiffness was plotted against the number of
fatigue cycles, shown in Fig. 11. E and E0 are residual and original
stiffness, respectively. It can be seen that there is no significant
stiffness reduction until it reaches the second regime, where the
stiffness has reduced by 8% mainly due to the onset of debonding
cracks. It was measured that the stiffness has dropped by 20%
until just before the final failure, indicating the material is softened
by extensive straightening of binder yarns. Other mechanical prop-
erties such as shear modulus may suffer a higher drop, but these
have not been measured in the present work.
3.2.2. Damage interaction
The microstructure of a 3D woven composite gives rise to com-
plex interactions between the different modes of damage. The
modes can be broadly aggregated into three types, namely interac-
tions between transverse cracks and weft/binder debonds, interac-
tions between weft/binder debonds and binder/binder debonds
and the interaction between longitudinal cracks and weft/binder
debonds. As mentioned above, transverse cracks start to appear
early in the fatigue life, their growth giving rise to debonds atD rendering of fatigue damage, with different types of cracks in different colours; on
d X1 and Y1 respectively. The colours corresponding to different types of damage are
terpretation of the references to colour in this figure legend, the reader is referred to
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lateral direction, they can be deflected into the binder/binder
interface and continue to propagate in a benign manner. Strong
evidence has shown that in most cases, the binder/binder debonds
originate from the crack tip of weft/binder debonding. Similar to
transverse cracking, longitudinal cracks within the binder yarns
also initiate debonds at weft/binder interface. All three types of
damage interaction absorb energy via crack deflection, distributing
the damage and improving the fatigue life. Taken together, these
mechanisms can be considered as beneficial behaviour in the sense
of decoupling the damaged part and providing alternative crack
path.
3.3. Quantification of damage evolution
A quantitative analysis on the extent of each damage mode has
been performed to examine the growth rates and relative extents
of the different types of damage as a function of the number of fati-
gue cycles. These have been quantified by analysing the damage
fractions in 10 equally spaced 2D cross-sections taken from the
3D unit cell as a function of fatigue cycling. The six types of fatigue
damage were grouped into two categories (i) transverse cracks and
(ii) debonding cracks. Although the transverse cracks include those
within the resin and those within the tows, the former are small in
number. The total number of transverse cracking can be repre-
sented in terms of the number of cracks within the tows and this
is plotted in Fig. 12(a). As regards debonding cracks, the total
length of debonding was divided by the total interface length to
determine the debonded fraction as a function of life (shown in
Fig. 12(b)). Unsurprisingly, the number of transverse cracks grows
rapidly at first, accompanied soon after by an extensive develop-
ment of interfacial debond indicating the damage propagation is
profuse but stable. It is clear that the number of transverse cracks
largely saturates by around 60% of life at around three parallel
transverse cracks per yarn. By contrast debonding increases
throughout life reaching 30% of the available interface by the end
of life, suggesting the system has a high fatigue resistance.
Considering that the initiation of intertow debonding is often
associated with the propagation of transverse cracks, the fraction
of intertow debond were plotted together with number of trans-
verse cracks within the tows against the life fractions in Fig. 12
(a). The results show that transverse cracks form initially, however,
the growth rate of two types of damage gradually becomes
equivalent, suggesting that the development of intertow debond
is primarily governed by the transverse cracks.In order to look in detail at the different types of damage, in
terms of their role at various life fractions, their growth through
life has been plotted separately. Debonding cracks are classified
into four types, namely binder/binder debond (interply debond),
weft/binder debond (intertow debond), weft/resin debond and bin-
der/resin debond. Fig. 13 shows the growth rate of different types
of debonds. As the number of transverse cracks saturate after
around 60% of life, the growth of intertow debonding also slows.
In contrast, the interply debond continues to grow throughout life,
which demonstrates that the degradation of the material in the
later stage of life is mainly due to this type of damage. It is also
noteworthy that debonds at the resin interface are less common
suggesting that they play a peripheral role in damage develop-
ment. From the data in Fig. 13, it is apparent that the interfaces
in this structure are relatively weak, but that damage grows stably.
This is probably due to the 3D interconnectivity between neigh-
bouring yarns, which effectively disperses debonding and prevents
damage localisation.4. Concluding remarks
Fatigue damage evolution in a 3D woven composite reinforced
by modified layer-to-layer fabric has been monitored by time lapse
X-ray computed tomography. The governing damage mechanisms
at different stages of fatigue life have been identified, highlighting
B. Yu et al. / Composites: Part A 82 (2016) 279–290 289the interaction between damage accumulation and the local
microstructure. The following conclusions can be drawn from the
present investigation.
a. Damage occurs initially by transverse cracking in the centre
of weft yarns at very early in the fatigue life (0.1%). This is
followed shortly (1% of life) by longitudinal cracking within
the binder yarns. Midway through the fatigue life, the num-
ber of transverse cracks increases with debonding cracks
spreading along the interface between the binder yarns
and the surroundings. Just prior to the final failure, damage
started to occur in the resin pockets, suggesting resin
pockets are more tolerant to strain in this material.
b. Based on virtual cross-section observations, the initiation of
binder/binder debonding is strongly correlated with the
crack tip of the weft/binder debonds. Further development
of binder/binder debonding might be due to the straighten-
ing of binder yarns under tensile loading.
c. The growth of different type of damage was quantified as a
function of fatigue cycles. It is suggested that fatigue damage
progression in 3D woven materials is a fairly stable process,
with a gradually decreasing growth rate. Moreover, the
growth of weft/binder debonding slows as the number of
transverse cracks becomes saturated, whereas the growth
of binder/binder debonding contributes significantly to the
extensive debonding in the later stages.
d. This study has shown that damage is evenly distributed,
having a periodicity that can be correlated with the compos-
ite unit cell. This suggests a high level of damage tolerance
and load redistribution. With the resolution obtained in
the present work, a full picture of damage pattern across
the composite has been acquired but at a resolution too
coarse to capture finer features such as fibre breakage. In
view of the periodicity there is significant potential in future
work to focus on the response of a single unit cell (represen-
tative volume element (RVE)) using micro-computed tomog-
raphy (micro-CT) to obtain a high resolution image thereby
allowing a more accurate quantification of all damage modes
involved without excessive image stitching.
In conclusion the work has confirmed that damage can arise
very early during fatigue partly due to the crimp, but that the peri-
odic through thickness constraint means that load is redistributed
around damage sites providing a highly damage tolerant structure.
This propensity for widespread damage that accumulates steadily
during the fatigue life is reflected in the decrease in composite
stiffness with cycling. It has also shown that the evolution of fati-
gue damage results from the competition and interaction between
different mechanisms. Transverse cracks, occur almost at the
beginning but don’t compromise fatigue life, whereas other type
of damage, such as interply debonding, has a large growth towards
the end of life and leads to the final failure. Finally, the nature of
damage evolution captured in this study could guide the design
of a 3D composite with more resistance to fatigue damage.
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